T he craniovertebral junction (CVJ) is unique with a set of articulations within the occiput-atlas-axis complex. The CVJ lacks intervertebral disks and depends on strong capsular and ligamentous attachments for stability, accounting for almost 50% of the cervical fl exion-extension and rotation. 1 However, the CVJ is vulnerable to infl ammation, injury, cancer and deformity, especially in children, 2 , 3 resulting in compression to the spinal cord with life-threatening risks. Therefore, these pathologies require surgical treatment to restore stability. 4 The CVJ instrumentation can be achieved via anterior, posterior, and combined anteroposterior approaches. Posterior fi xation in occipitocervical fusion is a vital treatment for craniocervical instability. 5 , 6 Initially, various techniques involving simple posterior onlay bone grafts demonstrated a high rate of failure. Then, to provide superior biomechanical stability and achieve a higher fusion rate, rigid posterior fi xation systems using rods, screws, or plates were used in the clinic. [7] [8] [9] However, posterior arthrodesis in skeletally immature children may restrict the growth of the posterior spinal elements but allow growth of the vertebral bodies. 10 This result has led to the recommendation that these patients should also undergo simultaneous anterior arthrodesis to prevent development of a crankshaft deformity. (1) . Anterior arch of atlas (2) . Clivus (3) . Hypophyseal fossa (4) . Sphenoid sinus (5) . Occipital condyle (6) . A, The clival length (OC), fi ssure distance (OB), clival-cervical angle (between 2 yellow lines) and putative screw length (red lines) were illustrated on a midsagittal image of the craniovertebral region. B, The narrowest diameter of clivus. C, The widest diameter of clivus were defi ned on an axial image. CT indicates computed tomography.
atlantoaxial reduction plate, and fabricated cage. [12] [13] [14] However, these techniques are not applicable in the case of large bone defects due to an atlantoaxial neoplasm. Because a novel anterior fi xation using the clivus as the sole cephalad anchoring point was performed in a 12-year-old boy with congenital basilar invagination after odontoidectomy, 15 a modifi ed Harms mesh and a custom titanium plate technique anchoring at the clivus and C3 have been developed for treatment after extensive resection of the upper cervical spine. 16 , 17 Subsequently, the feasibility and optimal trajectory for clival screw fi xation was evaluated in an adult population. 18 These studies paved the way for anterior fi xation as a stand-alone technique for upper cervical spine diseases.
Given the small size and continuous growth of pediatric bones, a clival screw fi xation is challenging. The pediatric clival region is composed of 2 parts that are joined by the clival fi ssure (the spheno-occipital fi ssure or the sphenooccipital synchondrosis). This fi ssure is regarded as a central growth zone for longitudinal development of the skull base 19 and should be protected from bone purchase for any clival screws. In addition, there is a need to develop suitable instrumentation considering the dependence in age and variations in ossifi cation. Despite the optimal trajectory of the clival screw being reported based on fi ne-cut computed tomographic (CT) scans, 18 there are no reports in the literature on the applied anatomy of the pediatric clivus, especially for clival screw fi xation. Therefore, we conducted CT-based morphometric measurements of pediatric CVJs for clival screw placement. The objective was to identify morphometric differences in the pediatric clivus with age, and establish guidelines for clival screw fi xation in the pediatric age group.
MATERIALS AND METHODS
This was an institutional review board-approved, retrospective analysis of patients of East Asian ancestry who presented to the emergency department at Nanfang hospital between January 1, 2012 and October 30, 2013, requiring CT scanning of the head and cervical spine. To be included, the CT scans had to be negative for any traumatic, degenerative, and neoplastic pathological entities. Eighty-seven patients (55 males/32 females) with an average age of 9.1 years were available for analysis. According to a report, 20 ossifi cation of the clival fi ssure (spheno-occipital synchondrosis) occurs at an average age of 16 years in boys and 14 years in girls. In our study, 1 group was assigned particularly for ossifi cation of the clival fi ssure. Patients aged 2 to 13 years were then divided into 3 groups at an interval of 3 years.
The craniovertebral region images were obtained from CT scans (Philips Brilliance 16 CT; Philips Medical Systems, Eindhoven, The Netherlands) with slice thickness of 1.0 to 1.5 mm, collimation of 0.75 to 1.5 mm, pitch of 0.7 mm, 120 kV, 180 mA, 512 × 512 matrix, and reconstruction level of 1 mm. Images of the sagittal and axial planes of the CVJ region were obtained after multiplanar reconstruction on the workstation (MXV, Philips). Bone windows were used for analysis. The clival length, clival fi ssure distance, clivalcervical angle, and projected screw length were measured in the midsagittal plane, and the clival widest and narrowest diameters in the axial planes were measured as well ( Figure 1 ).
The clival length was defi ned as a maximal distance between the bottom and top portions of the extracranial clivus in the midsagittal plane ( Figure 1A ). The widest diameter was defi ned as the distance between the anterolateral left and right occipital condyles ( Figure 1B ), whereas the narrowest diameter was the width of the cross-sections through the top portion of the extracranial clivus ( Figure 1C ). The clivalcervical angle was the angle between the tangent of the extracranial clivus and the tangent of the anterior cervical vertebrae in the midsagittal plane. The optimal clival screw placement was located at the midpoint of the extracranial clivus, and along the line perpendicular to the tangent of the extracranial clivus in the midsagittal plane. The putative screw length was measured with a screw diameter of 3.5 mm. Patients were fi t for a clival screw if the distance between the clival fi ssure and the screw was greater than 2.0 mm on sagittal images ( Figure 1A between the clival fi ssure and the bottom of the extracranial clivus, was measured in the midsagittal plane as well.
Two observers blinded to clinical information performed CT morphometric measurements. The intraobserver and interobserver reliability were calculated, for each parameter in 1 set of 15 patients who were randomly selected at 3-week intervals, using the intraclass correlation coeffi cient.
Statistical analyses were carried out using SPSS (SPSS Inc, Chicago, IL). A 1-way analysis of variance was used to compare all morphometric parameters among groups. Pearson correlation coeffi cients and linear regression equations were calculated to determine the correlation between all morphometric parameters with age. For all statistical tests, the significance level was set at 95%.
RESULTS

Demographic Data
There was no signifi cant difference in the demographic data between sexes in each age group. There were signifi cant differences in clival sizes among the groups ( P < 0.05). In addition, there was a signifi cant correlation between clival size and age ( Figure 2 , Table 1 ).
Clival Length
The clival length of each group are presented in Table 1 . The mean clival length for all patients was 29.4 ± 3.3 mm (range, 22.0-36.5 mm). There was a signifi cant difference between groups, except for 6-to 9-year-old patients and 10-to 13-yearold patients. The clival length correlated signifi cantly with age ( r = 0.64, P = 0.00) and increased approximately 0.55 mm per year ( Figure 2A ).
Clival Width
The clival width of each group are presented in Table 1 . The mean widest and narrowest clival widths for all patients were 28.9 ± 5.1 mm (range, 16.3-39.8 mm) and 17.3 ± 2.6 mm (range, 10.7-23.9 mm), respectively. The narrowest clival width was approximately 60% of the widest width. Note that the clival width was greatest in the 10-to 13-year-old group. There was a signifi cant difference in the widest and narrowest widths among the 2-to 5-year-old patients, 6-to 9-year-old 
Clival Fissure Distance
The clival fi ssure was seen in all patients younger than 13 years, but was not observed in 8 patients who were in the 14-to 16-year-old group, and these patients were excluded in the analysis. The clival fi ssure distance of each group are presented in Table 1 . The mean clival fi ssure distance for all patients was 21.9 ± 3.4 mm (range, 14.1-30.6 mm). There was a signifi cant difference between the groups, except for the 10-to 13-year-old patients and 14-to 16-year-old patients. The fi ssure distance correlated signifi cantly with age ( r = 0.77, P = 0.00) and the fi ssure growth rate was 0.77 mm per year.
Clival-Cervical Angle
The clival-cervical angle of each group are presented in Table 1 . There was no signifi cant difference in the clival-cervical angle between any groups. The overall mean angle for all patients was 129.2 ° ± 6.4 ° , in the range from 113.3 ° to 140.6 ° . Unlike the clival dimensions, there was no correlation between age and the clival-cervical angle ( r = 0.01, P = 0.47).
Clival Putative Screw Length
In our cohort, all children older than 10 years had linear dimensions that were enough to accommodate a clival screw placement. Of all 15 patients who were younger than 5 years, 3 patients had CT measurements that were too small for a clival screw placement. Four of 36 patients aged 6 to 9 years were not suitable for a clival screw placement ( Figure 3 ) . The putative screw length of each group are presented in Table 1 . The mean screw length for all patients was 9.6 ± 1.8 mm (range, 6.0-15.0 mm). There was a signifi cant difference in the length between all groups. The length correlated signifi cantly with age ( r = 0.83, P = 0.00) and increased approximately 0.4 mm per year ( Figure 2D ).
The intraobserver reliability ranged from 0.90 to 0.94 for the initial examiner and from 0.89 to 0.94 for the secondary observer. The interobserver reliability ranged from 0.81 to 0.96.
DISCUSSION
A posterior approach with various fi xations is the most common treatment for instability of the upper cervical spine. In a pediatric patient, spinal instrumentation may limit the vertebrae growth and cause secondary spinal deformity. Rodgers et al 22 noted that occipitocervical fusion resulted in signifi cant changes in the cervical spine curvature of children. Some studies suggested that a posterior arthrodesis in skeletally immature children restricted the growth of the posterior spinal elements but allowed growth of the anterior parts, creating progressive lordosis in the proximal cervical spine. [23] [24] [25] [26] For example, progressive spinal deformity after posterior arthrodesis in young patients with scoliosis was observed and known as the crankshaft phenomenon. 11 , 27 However, some studies found no infl uence in CVJ development or spinal malalignment after posterior instrumentation in pediatric patients . 6 , 28 , 29 In 1969, Deandrade and Macnab 30 reported an anterior cervical fusion extending from the skull base to C3 after laminectomy of C1 to C3 for a patient with rheumatoid arthritis. Goel and Karapurkar 15 also developed an anterior plate fi xation with proximal screws anchored in the clivus for treatment of congenital basilar invagination in a 12-year-old boy, avoiding a secondary posterior fi xation. Furthermore, Suchomel et al 16 performed a single-stage total C2 intralesional spondylectomy in a patient with chordoma and reconstructed the anterior defect using a 14-mm-diameter Harms mesh cage fi lled with autologous bone graft, and then secured the cage with a screw purchased to the clivus and C3 body. Rawlins et al 17 replaced the mesh cage with a plate. Therefore, anterior instrumentation attached to the clivus is an alternative or supplement to the standard occipital plate and cervical screw constructs.
Although clival screws have been used in adults, few cases have been reported in the pediatric population. The anatomy of the pediatric clivus has been described, 19 , 31 but data are lacking for clival screw fi xation. In our study, we measured the clivus of 87 Chinese children (2-16 yr) on CT scans and evaluated the clival dimensions with age. We also investigated the feasibility of clival screw fi xation in the pediatric clivus.
In adolescence, the clival region is composed of 2 parts that are joined by the clival fi ssure. The clival fi ssure is a cartilaginous union between the body of the sphenoid and the basilar part of the occipital bone, and may be seen on lateral radiographs of the skull base. Growth at the clival fi ssure carries the maxilla upward and forward relative to the mandible, resulting in increased facial height and depth. It is also related to dentoalveolar development and is of signifi cance in orthodontic practices. 31 , 32 The clival fi ssure shifts to the top part of the extracranial clivus with age and disappears after youth. In this study, fi ssure fusion occurred in all patients older than 16 years. Sahni et al 33 reported that complete fusion occurred between 13 years and 17 years in females and between 15 years and 19 years in males, which was consistent with our results.
Placement of a clival screw is challenging as the clivus is surrounded by the dura, basilar artery, pons, ventral medulla oblongata, and the V ∼ XII cranial nerves. [34] [35] [36] Usually, the clivus is slightly concave in longitudinal and transversal directions. In this study, the middle point was chosen as the screw entry point for the pediatric clivus for 2 reasons. The clival fi ssure is in the upper part of the pediatric clivus and a clival screw fi xation should not penetrate into the clival fi ssure or retard the growth of the skull base. The other consideration is less thickness and a shorter putative screw length at the lower part of the clivus. In some cases, there was not enough space accommodating a clival screw as impingement to the clival fissure ( Figure 4 ) . Assuming a safety zone of 2.0 mm between a ø3.5-mm screw and the clival fi ssure, the entry point should be at least 3.75 mm away from the fi ssure on the sagittal plane. We found that a clival screw was accommodated for all children older than 10 years, 90% of the children aged 6 to 9 years, and 80% of the children aged 2 to 5 years. Therefore, a high-resolution, thin-slice CT scan is necessary to assess suitability for clival screw fi xation.
In this study, all dimensions of the pediatric clivus were dependent on age. The widest diameter of the clivus, on average, increased 0.84 mm per year, whereas the fi ssure distance, clival length and the narrowest diameter increased 0.77 mm, 0.55 mm, and 0.40 mm per year, respectively. There was an upward shift of the clival fi ssure with age. The clival length was shorter than the widest diameter of the clivus in children older than 10 years.
In this study, the pediatric clival length was longer than the adult clival length reported by Lang and Issing 37 and our previous study. 18 Therefore, the clival length increases with age during childhood, whereas decreases after adolescence, but the reason for such phenomenon remains unknown. We think that pneumatization of the sphenoid sinus during growth result in the clival length shortening. Sometimes the pneumatization in the sphenoid sinus extends to the occipital bone. 38 The inferior wall of sphenoid sinuses becomes very thin in some adults. We speculate that growth of the sphenoid sinus would lower the vomer position and shorten the distance between the bottom of the clivus and the vomer, that is, the clival length.
Lang and Issing 37 reported that the narrowest and widest diameters of adult clivus were 22.5 mm and 42.8 mm, respectively, and much longer than those of pediatric clivus. In addition, There was no difference in the clival-cervical angle between children and adults. In our previous study, 18 this angle in adults was 130.2 ° ± 8.0 ° and very close to that in children (129.2 ° ± 6.4 ° ). Therefore, the clival-cervical angle was not dependent on age.
The 10-mm bone purchase of a 3.5-mm-diameter screw is generally acceptable for pediatric patients. 39 However, the putative screw length was less than 10 mm in children younger than 10 years. The strength of a clival screw or the stability of any clival instrumentation should be investigated in future.
CONCLUSION
This study described the clinical anatomy of the pediatric clivus and showed clival dimensions were dependent on age. A clival screw fi xation is feasible, particularly in children 10 years or older. We suggest a high-resolution, thin-slice CT scan should be performed preoperatively to assess the suitability of clival screw fi xation.
➢ Key Points
A clival screw fi xation is feasible in the pediatric CVJ, particularly in children 10 years or older. The dimension of clivus was highly dependent on age. A high-resolution and thin-slice CT was suggested to assess suitability for pediatric clival screw fi xation.
